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Abstract Sequential immunolocalisation of 5-
methylcytosine (5-MeC) and fluorescence in situ
hybridisation with chromosome-specific BAC clones
were performed on Brachypodium distachyon mitotic
metaphase chromosomes to determine specific DNA
methylation patterns of each chromosome in the
complement. In the majority of cells examined, chro-
mosomes Bd4 and Bd5, which bear the loci of 5S and
35S ribosomal DNA, respectively, had characteristic 5-
MeC patterns. In contrast, the distribution of 5-MeC
along the metacentric chromosome pairs Bd1, Bd2 and
Bd3 was more variable. There were numerous differ-
ences in distribution of methylated sites between
homologous chromosomes as well as between chromo-
some arms. Some chromosome sites, such as pericen-
tromeric regions, were highly methylated in all
chromosomes. Additionally, the influence of a hypo-
methylating agent, 5-azacytidine, on B. distachyon
chromosome methylation patterns was confirmed. It
was found that some chromosome pairs underwent
demethylation more easily than others, but there was
no apparent regularity in demethylation of particular
chromosome segments.
Keywords 5-azacytidine.Brachypodium
distachyon.Chromosome.DNA methylation.
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Abbreviations
5-AzaC 5-azacytidine
5-MeC 5-methylcytosine
BAC Bacterial artificial chromosome
FISH Fluorescence in situ hybridisation
NOR Nucleolus organiser region
L Long arm of the chromosome
rDNA Ribosomal DNA
S Short arm of the chromosome
Introduction
Epigenetic regulation is not mediated by changes in
nucleotide sequence but may confer mitotically
heritable alterations in gene activity and may play a
major role in the expression of some eukaryotic
genes. Mechanisms that define the epigenetic land-
scape of the cell include methylation of the DNA,
modifications of the nucleosomal histones and remod-
elling of chromatin (Tariq and Paszkowski 2004;
Wada 2005; Law and Jacobsen 2010). The most
widely studied epigenetic modification is DNA
methylation, which mediates gene silencing (Gehring
and Henikoff 2007; Vaillant and Paszkowski 2007),
and therefore is essential for normal plant development
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Covalent DNA modification of cytosine at position 5
occurs primarily at symmetrical CG dinucleotides; in
plants it is also observed in non-CG sites, like
symmetrical CNG and asymmetric CNN trinucleotides
(where N is A, C or T; Bender 2004; Henderson and
Jacobsen 2007). Plant nuclear DNA usually possesses
high levels of 5-methylcytosine (5-MeC). Recent
studies of Cokus et al. (2008) revealed total methyl-
ation levels of 24% CG, 6.7% CNG and 1.7% CNN
in the genome of the model dicot plant, Arabidopsis
thaliana. Moreover, it was proved that 5-MeC content
is higher in the genomes of monocots compared with
dicot plants (Vanyushin and Ashapkin 2011). These
methylation levels correlate with different repetitive
DNA content, especially retrotransposons, among
species. DNA methylation is considered one of the
most important processes to silence transposable
element transcription and movement, and probably
protects the plant genome from a variety of mutations
(Casacuberta and Santiago 2003). There is much
evidence suggesting the significant role of DNA
methylation in stabilising the plant genome. For
example in A. thaliana met1 DNA methyltransferase
mutants, various mobile elements and pseudogenes
became activated, while in other DNA methyltrans-
ferase mutant lines, such as drm1, drm2 and cmt3, the
transcriptional activity of these elements remained
broadly similar to wild-type plants (Miura et al. 2001;
Singer et al. 2001; Lippman et al. 2004). These
results, along with the findings of Zhang et al. (2006)
clearly suggest that in most cases CG methylation is
sufficient for transposable element deactivation.
To date, DNA methyltransferase mutant lines
such as met1 are not available for economically
important grass crop species, and consequently
hypomethylating agents are widely used to study the
consequences of genome-wide demethylation. One of
them, 5-azacytidine (5-AzaC), is a cytosine analogue
in which ring carbon 5 is replaced by nitrogen (Haaf
1995; Mirouze and Paszkowski 2011). Consequences
of 5-AzaC treatment have been studied at both
molecular and cytological level in various grass
species, including triticale and wheat (Neves et al.
1995; Castilho et al. 1999). Akimoto et al. (2007)
demonstrated that manipulation of the rice methylome
by hypomethylating chemicals may be a powerful
biotechnological tool to increase crop quality. They
used the progeny of 5-AzaC-treated seedlings to
initiate lines for further propagation. Ultimately, a
line was obtained whose resistance to a bacterial
pathogen, Xanthomonas oryzae, was correlated with
promoter hypomethylation of a resistance gene.
Although the majority of information about DNA
methylation is based on biochemical and molecular
methods, such as methylcytosine immunoprecipitation
(Zhang et al. 2006; Zilberman et al. 2007; Gupta et al.
2010) and DNA bisulphite modification followed by
ultra-high throughput sequencing (BS-Seq; Cokus et
al. 2008; Lister et al. 2008), some cytological
techniques have also been developed. Miller et al.
(1974) described a method based on detection of
highly methylated regions after incubation with anti-
bodies raised against 5-MeC, which has been used for
determination of methylation patterns in mammalian
chromosomes. The first report which described the
5-MeC distribution in plant chromosomes came
from the work of Frediani et al. (1986)o n
Phaseolus coccineus. During the last two decades,
distribution of 5-MeC on metaphase chromosomes of
different plant species has been frequently analysed in
thisway(RuffiniCastiglioneetal.1995, 2008; Frediani
et al. 1996; Cremonini et al. 2003; Suzuki et al.
2010). Studies of the distribution of methylation-rich
regions provide a further insight into the structure and
function of the plant genome at the chromosomal
level (Ruffini Castiglione et al. 2002).
Brachypodium distachyon is an internationally
acceptedmodelgrasswhichpossessesnumerous,highly
desirable ‘model’ biological features, such as one of the
smallest (~350 Mb) nuclear genomes described to date
inPoaceaewithlow (x=5) chromosome number, small
stature, self-fertility, short life cycle and undemanding
growth requirements. In 2010, under the extensive
collaborative effort of the International Brachypodium
Initiative, its nuclear genome was sequenced and
annotated (IBI 2010). At present, the ever-growing
repertoire of experimental tools includes large collec-
tions of accessions and mutants, highly efficient
transformation protocols, microarrays, large insert
(BAC) libraries of genomic DNA, EST libraries from
different tissues and resequencing data (Brkljacic et
al. 2011; Mur et al. 2011; Vain 2011). Although the
organisation of the B. distachyon genome both at the
molecular and cytogenetic level is well studied, to our
knowledge no analyses on its epigenetics have been
done to date.
956 N. Borowska et al.In this paper, we demonstrate for the first time
the distribution of 5-MeC in mitotic metaphase
chromosomes of B. distachyon using a specific
monoclonal antibody raised against 5-MeC and
epifluorescent visualisation. 5-MeC signals were
measured and averaged along the longitudinal axes
of all chromosomes. Furthermore, alterations of
methylation patterns after 5-AzaC treatment were
studied.
Materials and methods
Plant material and root meristem preparation
B. distachyon genotype ABR1 (2n=10) was
obtained from the collection held by Aberystwyth
University (UK). Preparations of root meristems
were made according to previously described
procedure (Jenkins and Hasterok 2007). Seeds were
grown on filter paper moistened with tap water for
3 days at room temperature in the dark. Additionally,
some seeds were germinated on filter paper moistened
with 5-azacytidine solution (5-AzaC; Sigma-Aldrich)
at three different concentrations: 0.1, 0.01 and
0.001 mmol/L. 5-AzaC was prepared fresh every
day of germination as previously described (Castilho
et al. 1999). Whole seedlings with roots 2.5–3.5 cm
long were collected and immersed in ice-cold water
for 24 h, fixed in 3:1 (v/v) methanol/glacial acetic acid
at 4°C overnight and then stored at −20°C until use.
After washing in 0.01 mmol/L citric acid–
sodium citrate buffer (pH 4.8) for 15 min, fixed
seedlings were digested in enzyme mixture comprising
20% (v/v) pectinase (Sigma-Aldrich), 1% (w/v) cellu-
lase (Calbiochem) and 1% (w/v) cellulase ‘Onozuka
R-10’(Serva) for 1.5 h at 37°C. After digestion,
meristems were dissected out from the root tips,
squashed in 45% acetic acid and frozen on dry ice.
After freezing, cover slips were removed and prepa-
rations were postfixed in 3:1 ethanol/glacial acetic
acid, dehydrated in absolute ethanol and air dried.
Immunodetection of 5-methyl-cytosine
Methylated cytosines were immunodetected with
mouse antibodies raised against 5-methylcytosine
(Abcam; 1:200 in 1% bovine serum albumin
(BSA) in 1× phosphate-buffered saline (PBS))
and goat anti-mouse secondary antibody conjugated
with Alexa
488 (Invitrogen; 1:200 in 1% BSA in
1× PBS). Slides were denatured in 70% formamide for
2 min at 70°C and blocked with 5% BSA. Incubation
with primary antibody was done at 37°C for 1 h and
after washes in PBS, the secondary antibody was
applied at the same conditions. Chromosomes were
counterstained with 2.5 mg/ml 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) in Vectashield
(Vector Laboratories).
DNA probes and fluorescence in situ hybridisation
After immunodetection of 5-MeC, a sequential
fluorescence in situ hybridisation (FISH) experi-
ment was done to identify particular chromosomes
in the complement. BAC clones (ABR1-26-H1,
ABR1-42-H8, ABR1-54-D7, ABR1-32-C1 and
ABR1-63-E9) from the B. distachyon genomic
library constructed by Hasterok et al. (2006) were
used as probes to discriminate chromosomes Bd1 to
Bd5, respectively. Two different combinations of
BAC clones were used in different experiments
(Fig. 1c–d). All BACs were labelled with
tetramethyl-rhodamine-5-dUTP (Roche) by nick
translation as described by Hasterok et al. (2006).
Slides previously used for immunodetection of 5-
MeC were washed in 4× saline sodium citrate (SSC)
with 0.1% Tween 20 at 37°C to remove cover slips
and then washed in 2× SSC at room temperature.
Slides were postfixed in 4% paraformaldehyde in 2×
SSC, washed in 2× SSC, dehydrated in ethanol series
and air dried.
The FISH procedure was adopted from Jenkins and
Hasterok (2007). The hybridisation mixture consisted
of 50% deionized formamide, 20% dextran sulphate,
2× SSC, 5% sodium dodecyl sulphate, salmon sperm
blocking DNA in 75–100 fold-excess of labelled
probe and 2.5–3.0 ng/ml of each DNA probe. The
mixture was predenatured at 75°C for 10 min, applied
to slides with chromosome preparations and then
denatured together at 70°C for 4.5 min in Hybaid
OmniSlide in situ denaturation system (Thermo
Electron). Hybridisation was performed overnight at
37°C in a humid chamber. Post-hybridisation washes
were performed in 10% deionized formamide in 0.1×
SSC for 10 min at 42°C. Chromosomes were counter-
stained with DAPI in Vectashield.
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All images were captured with a CoolSNAP cf CCD
camera (Photometrics) attached to a Leica DMRB
epifluorescence microscope and then processed using
Photoshop CS3 (Adobe). To determine the DNA
methylation pattern in chromosomes, the ‘RGB
Profile Plot’ plugin for ImageJ (NIH, USA) software
was used.
Results
In situ immunodetection of the 5-MeC on metacentric
chromosomes Bd1, Bd2 and Bd3
The methylation patterns of B. distachyon meta-
phase chromosomes were studied by immunodetec-
tion of 5-MeC, followed by BAC-FISH to identify
each chromosome of the complement. B. distachyon
is a diploid with the basic chromosome number of x=
5 and an asymmetrical karyotype in which three out
of five chromosomes can be easily distinguished
based on morphometrical features alone (Fig. 1).
However, unambiguous identification of metacentric
chromosomes Bd2 and Bd3 requires additional
markers, such as chromosome-specific BAC clones.
In this paper, five clones were used both to reliably
identify each of the five chromosomes and to
discriminate between their short and long arms
(Fig. 1c–d).
In mitotic metaphase cells from root meristems,
distinct 5-MeC foci distributions were detected in all
chromosomes (Fig. 2). Metacentric chromosome pairs
showed a dispersed anti-5-MeC signals along the
arms with some regions almost always more inten-
sively labelled than the others. These highly methyl-
ated segments were identified as pericentromeric
regions (Fig. 2a–b). The high density of anti-5-MeC
signals in pericentromeric segments commonly form
characteristic peaks on methylation profiles of all B.
distachyon chromosomes. In contrast to pericentro-
meric sequences, distal regions of metacentric chro-
mosomes were frequently unmethylated or had
remarkably lower methylation levels than interstitial
and proximal segments (Fig. 2c1–4). Based on the
number of unmethylated terminal regions inferred
from the pattern of 5-MeC fluorescent signals, all
Bd1, Bd2 and Bd3 chromosome pairs were classified
in one of the five distinct groups, with 4, 3, 2 or 1
Fig. 1 Metaphase chromosomes of B. distachyon genotype
ABR1. a FISH of 5S (red fluorescence) and 25S rDNA (green
fluorescence) to five pairs of chromosomes. b Idiogram of
haploid set of chromosomes. The sites of rDNA loci are
indicated. c–d Idiograms of B. distachyon chromosomes
showing physical localisation of BAC clones used in sequential
FISH reactions. The positions of BAC landing sites are marked
by red dots. Bar 5 μm
958 N. Borowska et al.Fig. 2 Distribution of the 5-MeC foci (green fluorescence)o n
the metacentric chromosomes of B. distachyon (Bd1, Bd2 and
Bd3). a Mitotic metaphase complement stained with DAPI, b
distribution of 5-MeC signals at the same chromosomes,
pericentromeric regions are pointed out by red arrows. c1–c4
Bd1 homologues, which are representative of other metacentric
chromosomes in the complement. Terminal regions with
significantly lower methylation levels are marked by yellow
arrows. d–g 5-MeC foci along the longitudinal axes of Bd1
chromosomes. Chromosomes are oriented with short arms to
the left. The long arm of each chromosome is identified by the
BAC clone ABR1-26-H1 (red fluorescence). Profiles of the
counterstain (DAPI) are shown by blue curves, the green curves
denote the distribution of methylation foci. The length of
chromosomes is shown on the x-axis in microns, while the
fluorescence intensity on the y-axis is presented in arbitrary
units. d–e and f–g Homologous chromosomes from one
metaphase complement. DAPI counterstaining, blue fluores-
cence. Bars 5 μm
DNA methylation in B. distachyon chromosomes 959region(s) unmethylated or all distal regions highly
methylated (Table 1).
As can be seen in Fig. 2( d –e, f–g), differences
were detectable in 5-MeC foci distribution between
homologous chromosomes. Variation in methylation
pattern was also observed between arms of the same
chromosome (Fig. 2d, f). Such dissimilarities include
both distribution and signal intensity of immuno-
fluorescence corresponding to 5-MeC in particular
chromosome segments. Different distribution of
anti-5-MeC signals between chromosome arms
was observed in some cases in both homologues
and in others in only one chromosome of the
given pair. In some cases, no apparent difference
between homologues was found (Table 2). Sequential
FISH with BAC clones revealed that differential
methylation of chromosomes Bd1, Bd2 and Bd3
occurs over both short (Fig. 2d) and long arms
(Fig. 2f) at similar frequency. In addition, where
significant differences in anti-5-MeC signal intensity
were seen between the arms of a chromosome, its
homologue showed a characteristic methylation pattern
with the most prominent pericentromeric anti-5-MeC
signals showing either a gradual (Fig. 2e) or a more
abrupt (Fig. 2g) boundary with the distal regions.
In situ immunodetection of 5-MeC on chromosomes
with rDNA loci
DNA methylation patterns were also analysed in the
submetacentric chromosomes Bd4 and Bd5, which carry
5S and 35S rDNA loci respectively (Fig. 1a–b). The 5S
Table 1 The percentage of examined chromosome pairs Bd1, Bd2 and Bd3 with absence of DNA methylation in distal chromosome
regions of individual cells
4 terminal regions
unmethylated
3 terminal regions
unmethylated
2 terminal regions
unmethylated
1 terminal region
unmethylated
All terminal regions
methylated
Bd1
a 32 18 23 16 11
Bd2
b 30 13 33 17 7
Bd3
c 20 12 28 36 4
Percentages in rows sum to 100%
a95 chromosome pairs examined
b30 chromosome pairs examined
c25 chromosome pairs examined
Table 2 The percentage of examined chromosome pairs Bd1, Bd2 and Bd3 with different 5-MeC foci (grey areas) distribution between
the arms of each chromosome of the pair
Differences between arms within 
each chromosome of the pair
Differences between arms
within one chromosome
of the pair
No apparent 
differences
Bd1a
b
c
17 48 35
Bd2 33 50 17
Bd3 36 32 32
Example
situation
Percentages in rows sum to 100%
a95 chromosome pairs examined
b30 chromosome pairs examined
c25 chromosome pairs examined
960 N. Borowska et al.Fig. 3 DNA methylation patterns on chromosomes Bd4 and
Bd5 of B. distachyon. a FISH with BAC clones ABR1-26-H1,
ABR1-42-H8, ABR1-63-E9 (red fluorescence). b Distribution
of 5-MeC signals on the same chromosomes. c–d 5-MeC foci
distribution along the longitudinal axes of highly condensed
chromosome pair Bd5 excised from the metaphase spread
shown on a–b. e–f 5-MeC signal distribution of Bd5
homologues with visible satellite region. g–h 5-MeC foci
arrangement of Bd4 homologues. Profiles, idiograms and
chromosomes Bd4–Bd5 are oriented with their long arm to
the left. Dark green tints on idiograms reflect low methylation
level. Methylation profile descriptions as for Fig. 2. DAPI
counterstaining, blue fluorescence. Bars 5 μm
DNA methylation in B. distachyon chromosomes 961rDNA site is localised proximally in the long arm of
chromosome Bd4, while a nucleolar organising region
(i.e. containing transcriptionally active 35S rDNA
loci) is found distally in the short arm of chromosome
Bd5 (Draper et al. 2001; Garvin et al. 2008). Unlike
the previous group, these chromosomes demonstrate
more specific patterns of DNA methylation. Two
general types of 5-MeC foci distribution were
apparent for chromosome Bd5, depending on con-
densation, one for highly condensed chromosomes
(Fig. 3a–d) and another one for those with clearly
visible satellite regions (Fig. 3e–f). Both were
characterised by the highest levels of DNA methylation
in pericentromeric regions, which abruptly decreased
towards both chromosome termini. The methylation
profile observed in less condensed Bd5 chromosomes
Fig. 4 DNA methylation patterns on mitotic B. distachyon
chromosomes after 5-AzaC treatment. a prometaphase chro-
mosomes subjected to 0.001 mmol/L 5-AzaC. b Methylation
pattern of the same chromosomes. Positions of centromeres are
pointed out by arrows. d FISH with BAC clones ABR1-26-H1,
ABR1-54-D7 and ABR1-32-C1 (red fluorescence) on meta-
phase chromosomes subjected to 0.01 mmol/L 5-AzaC. e
Distribution of 5-MeC foci on the same chromosomes. g
Prophase/prometaphase chromosomes after 0.1 mmol/L 5-
AzaC treatment. h Methylation pattern of the same chromo-
somes. c, f, i Superimposed images of DAPI stained chromo-
somes and signals of 5-MeC residues. The arrows colour coding:
red—very high; yellow—high and white—low methylation
level. DAPI counterstaining, blue fluorescence. Bars 5 μm
962 N. Borowska et al.showed considerably lower methylation at 35S rDNA
sites (Fig. 3e–f) than in the highly condensed
chromosomes (Fig. 3c–d).
The methylation pattern of chromosome Bd4
revealed two characteristic peaks of high-density
5-MeC foci (Fig. 3g–h). The first corresponded with
the pericentromeric regions of the chromosome while
the second was located interstitially on the long arm.
Decrease in intensity of anti-5-MeC signals in
proximal regions of chromosomes Bd4 was observed.
Effect of 5-AzaC on DNA methylation
No prominent differences in anti-5-MeC signal
distribution were observed in B. distachyon chro-
mosome complements from the material subjected to
the lowest (0.001 mmol/L) concentration of 5-AzaC.
Immunolocalisation of 5-MeC in metacentric chro-
mosome pairs showed strong similarity to methylation
patterns found in chromosomes of the nontreated
material (Fig. 4a–c). The specific DNA methylation
patterns of the smallest submetacentric pairs Bd4–
Bd5 were also retained.
In the material subjected to 5-AzaC at 0.01 mmol/
L concentration, signals corresponding to 5-MeC
were weaker and their distribution in chromosome
pairs was changed in comparison to their counterparts
in the control material. Noticeably, some chromosome
pairs seemed to undergo demethylation more easily
than others, e.g. while chromosome Bd4 still showed
strong signals corresponding to 5-MeC, the methyla-
tion of chromosome Bd5 was already much lower
(Fig. 4d–f). In the majority of the cells examined,
neither homologue of Bd5 displayed any strong
immunofluorescence signals (data not shown), although
in some cases one of the chromosomes showed higher
methylation than its homologue (Fig. 4d–f). Moreover,
there were considerable differences in methylation
between homologous chromosomes Bd1, Bd2 and
Bd3. In most cases, one chromosome of the pair
showed stronger anti-5-MeC signals than its homo-
logue. This pattern was particularly visible for
chromosome Bd3 (Fig. 4d–f). In addition, there was
no regularity in demethylation of particular chromo-
some regions.
Application of 5-AzaC at the highest concentration
(0.1 mmol/L) led to decondensation and strong
demethylation in B. distachyon chromosomes, how-
ever, there were no chromosomes completely lacking
methylation foci (Fig. 4g–i). Some chromosomes
were almost always found to be labelled, e.g. one
homologue of the Bd4 pair (data not shown) and one
homologue of either the Bd2 or Bd3 pairs (Fig. 5).
Differences in methylation between the homologues
were also observed, especially in the case of chromo-
some Bd1, where one homologue often displayed a
weak anti-5-MeC fluorescence along both arms, while
its counterpart had no visible methylation foci in one
arm (Fig. 5). As in the material subjected to lower
concentrations of 5-AzaC, there was no preferential
demethylation of particular chromosome regions.
Discussion
The aim of this study was to analyse methylation
patterns in B. distachyon mitotic metaphase chromo-
somes using specific monoclonal antibody against 5-
Fig. 5 Different demethylation of particular B. distachyon
chromosomes subjected to 0.1 mmol/L 5-AzaC. a DAPI-
stained chromosomes. b Distribution of 5-MeC residues. c
Superimposed images of DAPI stained chromosomes and 5-mC
distribution. Arrow colour coding as for Fig. 4. Bar 5 μm
DNA methylation in B. distachyon chromosomes 963MeC according to the method described by Podesta et
al. (1993). The distribution of 5-MeC signals in
metacentric chromosome pairs Bd1, Bd2 and Bd3
was very variable. Our results indicate differential
distribution and intensity of the fluorescence signals
among the chromosomes of different cells and
between homologues within the same cell (Fig. 2),
as well as between the arms of the same chromosome
(Fig. 2d, f; Table 2). These data are consistent with
the results obtained for other plant species with
nuclear genomes of different size, e.g. Allium cepa
(Ruffini Castiglione et al. 1995; Suzuki et al. 2010),
Vicia faba (Frediani et al. 1996), Triticale (Castilho et
al. 1999), Zingeria biebersteiniana (Cremonini et al.
2003) and Haplopapus gracilis (Ruffini Castiglione et
al. 2008). We assume that the heterogeneity within a
particular chromosome pair could be explained by
distinct chromatin organisation, which can be linked
with different transcriptional activity of homologous
chromosomes, although the possibility that differen-
tial distributions of the 5-MeC foci between homo-
logues are the result of variation in the accessibility to
the antibody also cannot be ruled out. A well-
established precedent is random inactivation of one
of the X chromosomes, caused by methylation in
CpG islands, which is positively correlated with
transcriptional inactivation and late replication (Monk
and Grant 1990). Different distribution of 5-MeC foci
has also been found in plant sex chromosomes.
Siroky et al. (1998) observed that in the female
(XX) homozygotes of Melandrium album one of the
homologues was hypermethylated, while the second
displayed more intensive 5-MeC labelling on its short
arm.
It was noticeable that all B. distachyon chromo-
somes revealed very high intensity of anti-5-MeC
signals in pericentromeric regions (Fig. 2a–b), which
is probably correlated with accumulation of transpos-
able elements. Analysis of the B. distachyon genome
sequence confirmed the presence of LTR elements,
predominantly of the Ty3-gypsy superfamily, within
these chromosome regions (IBI 2010). A high
methylation level of pericentromeric segments is most
likely the consequence of the genome defences
against mobile element activity, which may also lead
to greater condensation of these regions. It has been
clearly demonstrated for many organisms, e.g. in
human and fruit fly, that the functional centromeric
chromatin (CEN chromatin) which is associated with
a specific histone H3 variant (CENH3) is enriched
with a euchromatic mark, dimethylation of histone H3
at lysine 4 (H3K4me2), while pericentromeric regions
which flank CEN chromatin possess heterochromatic
modifications H3K9me2 and H3K9me3 (Sullivan and
Karpen 2004). Zhang et al. (2008) revealed that
hypomethylated CEN chromatin in A. thaliana and
maize is also flanked by heterochromatic fractions
enriched with H3K9me2. Interestingly, the most
recent studies on epigenetic status of active and
inactive centromeres in maize B chromosomes
showed that inactivation of CEN chromatin is
accompanied by hypermethylation (Koo et al. 2011).
In our study, methylation profiles of somatic meta-
phase chromosomes were analysed. The resolution of
5-MeC mapping in highly condensed metaphase
chromosomes is probably too low to identify hypo-
methylated CEN chromatin, however, on some
profiles a decrease in 5-MeC foci distribution within
centromere sites was seen (Fig. 2d, e, g). Furthermore,
all B. distachyon centromeres are flanked by gene-
poor regions (IBI 2010; Qi et al. 2010), which is in
concordance with data obtained for other grasses, like
rice, wheat and barley (Moore 2000).
In contrast, distal chromosome segments in B.
distachyon were often unmethylated or had signifi-
cantly lower methylation level than the other regions
(Fig. 2c1–4, Table 1). These data contradict the results
obtained for several plant and animal species, where
high density of 5-MeC was detected also in telomere-
associated sequences (Frediani et al. 1996; Henderson
and Jacobsen 2007). Analysis of B. distachyon
genome composition revealed that coding sequences
are rather evenly distributed along chromosome arms
with the exception of pericentromeric and centromeric
regions. This kind of gene arrangement is also typical
for other small genomes, like rice (Moore 2000) and
A. thaliana (AGI 2000; Zhang et al. 2006). Low
methylation level at the termini of B. distachyon
chromosomes suggests the localisation of transcrip-
tionally active genes within these segments.
Our results indicate that only the smallest chromo-
somes in the karyotype bear specific and recurrent
methylation patterns (Fig. 3). It is well known (Draper
et al. 2001; Garvin et al. 2008) that the Bd4 and Bd5
chromosomes carry ribosomal RNA genes (Fig. 1a–
b). It is also well documented that while plant
genomes contain hundreds to thousands of rRNA
gene copies, only some of them are transcriptionally
964 N. Borowska et al.active (Birch and Zomerdijk 2008). Active and silent
rRNA genes can be distinguished by markers of their
epigenetic status, such as DNA methylation and
histone modification. The clearest demonstration of
the role of DNA methylation in silencing of rRNA
genes has come from studies on nucleolar dominance,
the phenomenon present in some natural and resyn-
thesised interspecific plant hybrids. It was demon-
strated that treatment with hypomethylating agents
like 5-AzaC can activate previously silenced rRNA
genes (Neves et al. 1995; Lawrence et al. 2004).
Reduction in methylation levels was observed across
the B. distachyon rDNA loci (Fig. 3), however 5-MeC
signals were still visible. Detection of 5-MeC foci
within rDNA sites by immunocytological reaction has
been reported for some other plant species, e.g. Z.
biebersteiniana (Cremonini et al. 2003), H. gracilis
(Ruffini Castiglione et al. 2008) and Colpodium versi-
color (Ruffini Castiglione et al. 2009), and has been
attributed to the repressed fraction of rRNA genes.
We also demonstrated that 5-AzaC is effective in
hypomethylating the B. distachyon genome (Figs. 4,
5), as reported for rice (Sano et al. 1990), flax (Fieldes
et al. 2005) and wheat (Santos et al. 2002). Inhibition
of DNA methylation was observed at the two highest
concentrations used, 0.1 and 0.01 mmol/L. There is
no evidence for specific demethylation of particular
chromosome segments in B. distachyon, however,
some chromosome pairs retain strong anti-5-MeC
signals after 5-AzaC treatment while the others seem
to undergo demethylation more readily. Furthermore,
application of 5-AzaC led to loss of reproducible
methylation patterns within the chromosomes Bd4
and Bd5. This result is in agreement with the report of
Siroky et al. (1998), where 5-AzaC treatment caused
the loss of specific 5-MeC patterns in M. album sex
chromosomes.
This study provides the first insight into the
epigenetic landscape of the model grass B. distachyon
at the chromosomal level. Immunocytological data
revealed heterogeneity in the distribution of highly
methylated DNA along the chromosomes. The vari-
ability of methylation patterns in different cells most
likely reflects changes in gene activity. Moreover,
analyses with the use of 5-AzaC showed that while
the hypomethylating agent caused significant deme-
thylation of B. distachyon genomic DNA, some
chromosome regions remained consistently methylat-
ed. Future studies should address the question why
some parts of the B. distachyon genome can be
demethylated more easily than the others. It would be
of interest to find a correlation between methylation
of particular chromosome segments and the cell
differentiation pathway.
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